Many scientific laboratories follow, as standard practice, a relatively short maximum holding time (within 7 days) for the analysis of total suspended solids (TSS) in environmental water samples. In this study we have subsampled from bulk water samples stored at ∼4 W C in the dark, then analysed for TSS at time intervals up to 105 days after collection. The nonsignificant differences in TSS results observed over time demonstrates that storage at ∼4 W C in the dark is an effective method of preserving samples for TSS analysis, far past the 7-day standard practice. Extending the maximum holding time will ease the pressure on sample collectors and laboratory staff who until now have had to determine TSS within an impractically short period.
INTRODUCTION
In 2003 the Queensland state government and the Australian federal government jointly committed to the Reef Water Quality Protection Plan (or 'Reef Plan'), which aims to reduce pollutant loads (nutrients and pesticides) draining from land into the Great Barrier Reef Marine Park, a World Heritage-listed site. The Reef Plan goals are to reduce pollutant loads by a minimum of 50% by 2013, and to reduce sediment loads by 20% by 2020. Updated in 2009, Reef Plan focuses on improving land management practices near waterways, where run-off may adversely affect water quality. Progress toward the goals is continually evaluated by estimating nutrient, pesticide and sediment loads from water samples collected at strategically positioned sites. To estimate nutrient and sediment loads the samples are analysed for a suite of analytes, including total nitrogen, total phosphorus and total suspended solids (TSS) (DPC ).
Of the above analytes, TSS has the shortest maximum holding time (AS/NZS 5667.1:1998, Standards Australia & Standards New Zealand ) . Maximum holding time is defined by Standards Australia & Standards New Zealand () to be the maximum time that the sample can be analysed after collection, with the same result obtained as if it were analysed immediately. The maximum holding time recommended by the standard 'Water quality -Sampling' (Method AS/NZS 5667.1:1998, Standards Australia & Standards New Zealand ) is 24 h. Similarly, Method 2540D in APHA AWWA () also recommends TSS analysis within 24 h but no longer than seven days, to minimise changes in the samples that may affect TSS (APHA AWWA ). Examples of such changes include biological decomposition, which could give erroneously low TSS results, or biological growth, where slime or scum clogs filter papers thus artificially inflating TSS. Another standard for the analysis of TSS for high-flow, open channels (Method D3977-97-ASTM International ) does not define a maximum holding time, but does define the required storage condition as a 'cool, dark place to minimise microbiological and algal growth'. This standard also includes a statement to inspect frequently the samples for evidence of microbiological growth.
In Queensland, water-quality monitoring officers ensure samples for TSS analysis are preserved and stored as soon as possible after sampling, according to Method AS/NZS 5667.1:1998 (Standards Australia & Standards New Zealand ). However, the delivery of samples can be delayed due to issues with travelling distance or transport logistics. Hence it is difficult to have samples analysed for TSS within the standard maximum holding time.
The objectives of this study were to: (a) determine if the upper limit of 7 days for the maximum holding time for TSS is valid by comparing it with the recommended 24 h maximum holding time; and (b) (following (a)), determine if the maximum holding time can be extended beyond 7 days. The results will be used to advise project leaders on appropriate maximum holding times for TSS analysis. Successful proof of (b) will ease the pressure on staff currently charged with collecting and analysing water samples within an impractically short maximum holding time.
METHODS AND MATERIALS
Three experiments were carried out on open-channel waterway samples collected from around Queensland, Australia within the catchment zones identified on Figure 1 . Experiment 1 tested Objective (a) and Experiments 2 and 3 tested Objective (b). TSS in this study was determined using Method 2540D of APHA AWWA (). Validation of the TSS method had previously been done by DERM's Environmental Resource Sciences Chemistry Centre (ERSCC) water laboratory according to Technical Note 17 (National Association of Testing Authorities ). The ERSCC complies with the standard 'General requirements for the competence of testing and calibration laboratories' ISO 17025:2005 (International Organisation for Standardisation ), and is an accredited facility.
Subsamples of each water sample were measured and filtered under vacuum through Advantec GC50 47 mm glass-fibre filter papers with a pore size of 1.2 μm; particles less than 1.2 μm were excluded from TSS. The subsample volume was determined by achieving a mass of non-filterable solids remaining on the filter paper of between 2.5 and 200 mg. The used filter paper was then evaporated to dryness and constant weight in a calibrated oven set at 105 W C. All samples were stored at ∼4 W C in the dark from the moment they were received by ERSCC until completion of the experiments. Statistical analyses were done with linear mixed-effect (LME) models (Pinheiro & Bates ) . These were fitted using the 'gls' (generalised least-squares) function in the 'nlme' library (Pinheiro et al. ) of the R software (R Development Core Team ). Prior to modelling, all TSS quantities were transformed to natural logarithms, to stabilise their variance. The LME model applied to all three experiments took the general form:
where: y was a length-n vector of observed log-TSS; β was a length-p vector of parameters for the fixed effects; X was an n × p design matrix that related the fixed-effect parameters to y; and, ε was a length-n vector of normally distributed model errors (the 'random effects'). The sole explanatory variable used in X throughout was 'day since collection', so, together with the intercept term, p ¼ 2. Objectives (a) and (b) were tested through inference on the fixed-effect parameter that related the effect of 'day after collection' on log-TSS. The form of the random effects changed according to the particular experiment, which we detail below. The most appropriate form of the random effects for a particular experiment was found using a sequence of likelihood ratio tests (see Pinheiro & Bates , p. 24).
Experiment 1: To test if TSS analysed within 24 h was different to that analysed at day 7
Thirty-six samples were collected from natural waterways in Brisbane and the eastern, southern and western corridors of greater Brisbane (South East Queensland Catchment, Figure 1 ). These sites were chosen as their water could be easily sampled and analysed for TSS on the day of collection. One litre of water was sampled from each site, using the methods described in DERM's water-quality sampling guidelines (DERM ). TSS analysis was performed on subsamples taken from the 1-L bottle within 24 h of collection, and again on the seventh day after collection. Representative subsamples were collected using a pipette while the sample was being continually stirred (Method 2540D, APHA AWWA ), a procedure validated by ERSCC as part of TSS method development.
To answer Objective (a) we fitted two LME models and chose the most appropriate. The first model ('Model 1a') assumed that the variance of log-TSS at 24 h was equal to the variance of log-TSS at 7 days. The output of this model was analogous to fitting Equation (1) by ordinary leastsquares. The second model ('Model 1b') relaxed the assumption of constant variance, through the inclusion of a term for heteroscedascity.
Experiment 2: To test if the maximum holding time of TSS can be extended beyond 7 days Five water samples were collected in 25-L drums from waterways in Queensland (denoted herein as 'Bremer', 'Fitzroy', 'Logan', 'Western' and 'Woogaroo'). Bremer, Logan, Western and Woogaroo were collected from within the South East Queensland catchment, while Fitzroy was collected from within the Fitzroy catchment ( Figure 1 ). In addition, a control and a blank were prepared and stored in 25-L drums. The control was prepared in the laboratory from kaolin (200 mg/L) mixed with deionised water. The blank was laboratory deionised water (10.2 MΩ). Each of the water samples and the control and blank were then split into 16 × 1-L plastic bottles and randomly allocated with laboratory identification numbers. Subsampling of each bulk sample was achieved by using an off-centre paddle stirrer at a speed and depth sufficient to ensure adequate homogeneity, in accordance with the Australian Standard for inter-laboratory testing AS 2850-1986 clauses 6c and 9.2 g (Standards Australia ). Samples were stored at ∼4 W C in the dark as per Method D3977-97 (ASTM International ). The control was used to evaluate the effectiveness of the splitting technique and to monitor the variation between analysts. Non-representative debris (described in Method 5907-09, ASTM International ) was removed as much as possible from each field sample to minimise artificial increases in TSS.
With the day of collection designated as Day 1, the 1-L subsamples were analysed in triplicate for TSS at Day 3, Day 7 and then weekly for the first month, then fortnightly thereafter until Day 105. Day 3 was chosen as the starting point as some bulk samples were collected from remote areas and were not received within 24 h.
To answer Objective (b) we fitted three LME models and chose the most appropriate. The first model ('Model 2a') assumed that the variance of log-TSS was constant across all sampling times and locations. The output of this model was analogous to fitting Equation (1) by ordinary least-squares. The second model ('Model 2b') relaxed the assumption of constant variance across locations, through the inclusion of terms for heteroscedascity. The third model ('Model 2c') incorporated an exponential function to account for temporal autocorrelation in the model error, in addition to using the heteroscedascity terms of Model 2b. The exponential autocorrelation function is:
where h is the days between a pair of observations and r is a parameter that controls the temporal dependence. The samples for Day 3 and Day 42 were analysed for a suite of variables. These analyses were carried out to check that the collected samples covered the range of nutrient concentrations found in routine samples received by ERSCC. Total nitrogen and total phosphorus, denoted herein as TN and TP respectively, were quantified as: Experiment 3: TSS analysis at variable maximum holding times to re-enforce the findings of Experiment 2
Experiment 3 was included in this paper to increase the variability of samples tested. Seventy-three routine samples received by ERSCC from sampling sites across Queensland, including from remote locations, were selected. These samples were initially analysed for TSS within 7 days of collection. The TSS analysis was then repeated for each sample once only at anytime between 26 and 91 days after collection. Representative subsampling was achieved by using the same procedure as used in Experiment 1. Observed log-TSS was analysed as for Experiment 2, and we denote the output as Models 3a-c.
RESULTS AND DISCUSSION

Experiment 1
The strong positive skew of observed TSS made it difficult to justify the assumption of normally distributed random effects in the LME models. Transformation to natural logarithms altered the distribution of TSS to approximate normality (Figure 2 ). This was also done for Experiments 2 and 3. The likelihood ratio test applied to Models 1a and 1b indicated that the assumption of constant variance through time was justified (Table 1(a) ). The effect of days since collection on mean log-TSS was negligible (Table 1(b) ). This suggested that TSS analysis can be reliably undertaken any time up to 7 days from the day of collection, extending the maximum holding time beyond the recommended 24 h. The histogram of the model error (not shown) looked very similar to the histograms of log-transformed TSS (Figure 2) , with slight negative skew.
Experiment 2
The time-series of mean log-TSS (n ¼ 3) is shown in Figure 3 (top panel). The Woogaroo sample had a substantially larger mean than the other locations, due to the presence of sediment caused by an increased flow from a rain event occurring at the time of collection. The time-series of the variance of log-TSS also shown in Figure 3 (bottom panel) revealed a periodicity not apparent in the mean. While there is no common phase-shift to the cycles, the wavelength seems to be between 30 and 50 days. Interestingly, there was no proportional effect across locations, e.g. the variance of Woogaroo, was not large by virtue of it having a large mean. Although there appears to be a periodicity in variance, the variation can be attributed to analytical bias that is well within method uncertainty (Method Uncertainty (U) ¼ 10%). Examples of analytical sources of variance are: subsampling from the bulk containers, subsampling at the time of TSS analysis from each subsample, differences between analysts performing the test and differences in laboratory conditions between tests. A criterion for assessing the suitability of each triplicate result was to calculate the percentage relative standard deviation (%RSD) and compare it to a threshold of 5.8% (U × √n). Each triplicate % RSD was less than the threshold for all samples of Experiment 2. The comparable variance time-series for the control supports the statement that the variation can be attributed to the aforementioned analytical bias and that it is not significant. In that, the synthetic control would not be expected to exhibit changes in TSS caused by interferences highlighted in the Introduction; theoretically lacking the biological activity under the experimental storage conditions to do so.
The likelihood ratio tests indicated that the most appropriate form for the random effects was Model 2c (Table 2(a)), i.e. each location was attributed a different variance, and model error was temporally autocorrelated. As in Experiment 1, the effect of days after collection on mean log-TSS was negligible (Table 2(b) ). The modelled variances of the locations were ranked Fitzroy < Control < Bremer < Western < Logan < Woogaroo. The effective range of the exponential autocorrelation function was 19 days. Table 3 contains data for analyte concentrations additional to TSS measured on the water samples for Experiment 2 at Day 3 and Day 42. Table 3 data are presented here to show the presence of possible interferences identified in the Introduction, biological activity. Samples were visually inspected on Day 3 and 42, with only Western
Creek showing any evidence of microbiological growth on day 42. Of the additional parameters presented in Table 3 , only the TN value for Western Creek appears to have changed with time. This sample was known a priori to be high in microbiological load and its TN values appeared reduced substantially between Days 3 and 42. Although mean TN appears to have been affected by microbiological activity, mean TSS was not (Figure 3 ).
Experiment 3
As in Experiments 1 and 2, the effect of time on mean log-TSS was negligible (Table 4(b)). The likelihood ratio tests indicated that the most appropriate form for the random effects was Model 3c (Table 4(a)), i.e. each location was attributed a different variance, and model error was temporally autocorrelated. The effective range of the exponential autocorrelation function was 10 days. An additional recommendation from this work could be based on the data presented in Table 3 , where future experiments could be undertaken to test the preservation techniques, storage conditions and maximum holding times 
CONCLUSION
